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EFFEW OF VARIATIONII’?FTJELPRESWRE ON COMBUSTION

PERK)MU!TCEOF RECTANGULARRAM JEl

By WesleyE. Messingand Du@d O. Blaok

The resultsof an investietionoonduotedon a rectanmlar rem
jet to determinethe effeotof-variatimIn fuel pressure& the
startingcharacteristics,minimumblow-outlimits,oanbustion
effioienoies,gas total-temperatureratio,and net-thrustooeffioient
=e presentedand discussed? The ram ~etwas operatedover s range
of pressurealtitudesfrom 1500to 26,300feet, Indicatedairspeeds
from 100 to 200 miles per hour,and fuel-airratiosfrrxu0.017
to 0.120. Threedifferentsets of fuelnozzleswere used (21.5,
30.0,and 40.0 gal/hrat a pressuredifferentialof 100 lb/sqIn.)
in orderto obtaina rangeof fuel pressuresfor a givenfuel flow.

●

horeasing the de~ee of fuel atanlzatlonand distributionby
utilizationof small-orificefuel nozzlesthat operatedat hi@
fuel pressuresresulted in highervaluesof oombuetionefflcienoy,
gas total-taperatureratio,and net-thrustooeffioientat a given
fuel-airratio. A maximumfuel pressurewas encounteredat a given
enginealr flow for the highestvalueof combustioneffiolenoy,
whereasa furtherincreasein fuel pressurewas detrimentalbecause
the fuel partioleshad sufficientmcmentumto strikeand flow
alongthe combustion-chamberwall insteadof uniformlymixingwith
the engine-airflow. When the fuel pressurewas Increased,the
maximummmbustlon effioienoyooourredat lowervaluesof fuel-alr
ratio. For the sameflightcondition,the ram Jet couldbe
startedat lowervaluesof fuel-airratiowhen the small-orifice
nozzlesoperatingat high fuel pressureswere used.

R?TROIXJCTIOH

= orderto obtaincombustionwith high effiolenoyin a ram
Jet,the fuel streammust be finelyatciuized.As shownin refer-
enoe 1, fuel leavesa nozzleas an unbrokencolumnthat is quickly
disintegratedintomany irregularpartsby one or a ccwnbinatlcaof



the followlng factors: fuel-streemturbulence,vortioity,impinge-
ment,and foroesresultlngfrom the relativemotionbetweenthe fuel
and the air. For a givenfuel-flowrate,the degreeof atomization
can be increasedby increasingthe Jet velocityof the fuel by means
of nozzleswith smallerorlfioediameters.

An investigationhas been aompletedat the I?ACACleveland
laboratoryto detemdne the effeotof a variationIn fuel pressure
on the performame of a rectangularram jet usingthreesets of fuel
nozzles. hasmuch as the three setsof nozzleshad different
orificediametersand thereforewere ratedat differentflow
oapacitles,identicalfuel flows oouldbe obtainedmlywlth a wide
v=tation in fuel-disc~ge pressure,whichresultedin different
fuel Jet velocitiesat any givenfuel flow. The ram Jetwas oper-
ated in flightovera rangeof pressurealtitudesfran 1500to
26,300feet, indicatedairspeedsfrom 100 to 200milesper hour,
and fuel-airratiosfkom 0.017to 0.120for threedifferentsetsof
ccemnercialfuel-spraynozzlesratedat 21.5,30.O,and40.0 gallons
per hour at a pressuredifferentialof 100 poundsper squaretioh.
Resultsobtatied.in previouspartsof this extensivelnvestl@Zbn
of the rectangularram jet =e presentedIn references2 to 4.

v
APPARATUS Am mocEmRE

A oomplete de@crlptionof the rectangularram Jet and the
instrumentationis givenIn referenoe3. The rectangularram Jet
oonslstsof a diffuser,a fuel-spraybar, a shieldedspark-plug
igniter,a four-Vgutter-typeflameholder,and a combustion
ohamber(fig.1). The ram jetwas Installedbeneaththe fuselage
of a twin-enginefighter-typeairpleme,as shownin figure2. The
engineair flowwas oaloulatedfrom totaland statiopressures
measuredat the diffuserby threetotal-and statio-pressurerakes,
eighteenstatic-pressurewall orifloea,-endfrom the amb~ent-air
temperaturemeasuredby a flight-oallbratedIron-oonstantanthermo-
couple. The flow conditionsat the cmbustion-ohamberoutletwere
measuredby a water-cooledtotal-pressurerake and two statio-
pressurewall orifloes. hdioated airspeedand pressurealtitude
weremeasuredby aircraftindicatorsconneotedto a swiveling
statio-pressuretubeand a shroudedtotal-pressuretube Installed
on a bocunl-ohordlengthaheadof the leadingedge of the rightwing
tip. Fuel flowwas measuredby a vane-typeflowmeterand the fuel
pressuresat the pump outletand the inletto the ocmbustion-ohamber
manifoldwere indioatedby gages.

The fuelnozzlesused In this tivestigationaonsistedof three
setsof six evenlyspaoedo-rcial spraynozzles. The nozzleshad

.
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a dischargerate per nozzleof 21.5,30.0,and 40.0 galloneper hour
at a pressuredifferentialof 100 poundsper square inch @ge and
dischargeddownstreamin a 60° hollowvortioalooneundera no-sdr-
flow condition.The fuel used for this investigationwas AM-F-23a
(73-octanegasoline).

The datawere calculatedin aocordeme with the methodspresented
in references3 and 4.

--jet combustiondatawere obtainedwith eaoh fuel-nozzle
mafigurationat pressurealtitudesof 1500,6000,16,000,and
26,000feet. Flightinvestigationswere conductedat an indicated
airspeedof 200miles per hour at all altitudesexcept26,000feet,
wherethe airspeedwas reduoed“to160 miles per hour in orderto
avoidroughengineoperation.When the 21.5-gallm-per-hourfuel
nozzleswere used,however,a ocmpletefuel-air-ratiorange could
not be obtainedbeoauseonlyrelativelylow fuel flows couldbe
obtainedat the maximumfuel pressure
to completethe fuel-airratiorange,
decreasedby decreasingthe indioated
and supplementarydatawere taken.

(400 lb/sqin. gage). In order
the engineair flow was
airspeedto 160 miles per hour

RESULTSAND DISCUSSION

me ~ne operatedwithoutexcessivenoise or vibrationat
altitudesof 1500and 6000feet with eaohfuel-nozzleconfiguration.
At 16,000feet,roughoperationwas encounteredwith the 40.0-gallon-
per-hourfuelnozzlesas the fuel-airratioapproachedthe lean
blow-outlimit. When thisflightwas repeatedwith 30.0-and
21.5-gallon-per-hourfuelnozzles,combustionremainedsmoothas
the fuel-airratiowas reduoedto the leanblow-outlimit,whioh
indloatedthat the roughoperationpreviouslyencounteredresulted
frmthe relativelylow degreeof fuel atcunizationand distribution
producedby the 40.O-gallm-per-hourfuelnozzles. At sm altitude
of 26,000feet and an indioatedairspeedof 160miles per hour,
roughengineoperation was moounteredwith eachfuel-nozzlemn-
figuraticaas the fuel-airratioapproachedthe richblow-outlimit.

The startingoharacteristiosof the ram Jet for eaoh fuel-
nozzleconfigurationare shownin table I. Improving the degreeof
fuel atmuizatlonand distributionby the utilizationof nozzles
with smallerorlfioediametersresulted,In general,in easier
startingwith ignitionoocurringat lowervaluesof fuel-airratio
for a givenflightccmdition. The ram jet couldnot be sta’ted
above22,250feetwith the 40.O-gallon-per-hournozzles,81thoL@



i~itian was easilyaccomplishedat 25,600and 26,300feet with the
21.5-and 30.O-gallon-per-hourfuelnozzles,respectively.

The fuel pressuresobtainedat the inletto the wmbustion-
chamberfuelmanifoldare presentedin figure3 as a functionof
fuel-air ratio for eaohnozzleconfigurationand fllgbtoondition.
Thesefuel-pressuredata are applicableto subsequentcurveson
combustioneffioienoy,gas total-temperatureratio,and net-thrust
ooeffiaient.

The effectof fuel-airratiocm mzbustion efficiencyfor the
21.5-,30.0-, and 40.O-gallon-per-hourfuel nozzlesand pressure
altitudesof 1500,6000,16,000,and 26,000feet is presentedin
figure4. The generaltrendnoted Is that for a givenoperating
conditia thereis an optimum-sizefuelnozzlewith a corresponding
fuel pressurethatresultsin the degreeof fuel atomizationand
distributionnecessaryfor the most favorableccunbusthn.At an
altitudeof 1500feet and a fuel-airratioof 0.03,the 21.5-galJmn-
per-hournozzlesoperatingat a fuel pressureof 195 poundsper
squareinchresultedin a combustioneffioienoyof 71 peroent,
whlohIs an Improvementovera oombustim efficiencyof 39 percent
obtainedwith the 40.O-gallon-per-hournozzlesoperatingat a lower
fuel pressureof 77 poundsper squ=e lnoh. For a givenram-jet
oonfiguratbnand operatingcondition,however,thereIs a maximum
valueof fuel pressurefor the highestoombustlonefficiency,at
whichpointa furtherIncreasein fuel pressureoan be detrimental
if the mmentum of the fuel particlesis sufficientthat the fuel
strikesthe oambustionohamberand flowsalongthe wall Insteadof
mixingwith the engineair flow. For example,this phenomenonis
believedto existat an altitudeof 1500feet and a fuel-airratio
of 0.060 At this operatingmmdition, the 21.5-gallon-per-hour
nozzlesoperatingat a fuel pressureof 340 poundsper squareInch
resultedin a combustioneffiolency~ only 62 percent. WhaI the
ram Jetwas operatedwith the 30-gallon-per-hournozzlesat a fuel
pressureof 230 poundsper squareinch,the combustlaueffiolency
was Increasedto 80 peroent. When the fuel pressurewas further
reducedto 1S0 poundsper squareinchby usingthe 40-gallon-per-
hournozzles,the oanbustim effioienoydeore8sedslightlyto
75 percent. For all altitudes,the peak In the mmbustion effiolenuy
muve ooqursat lowervaluesof fuel-airratiofor the 21.5-gallon-
per-hournozzlesthanthe 30-gallon-per-hournozzles end the peak
ocmbustionefflmlencyfor the 30-gallon-per-hournozzlesoocuraat
lowervaluesof fuel-airratiothanthe 40-gallm-per-hournozzles.

—

For the operatingrangeof this investigation,the maximumor
peak mmbustion effioienoyocourredas shownin the followingtable
at the desl~ted ~el-air ratiosand fuel pressures:
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Fuel-nozzle
‘flow
oapaoltyat
100 lb/eq In.
(gal/*)

21.5

30

40

Pressure
altftude

(f%)

1,500
6,000
16,000
26.000

1,500
6,000
16,000
26,000

1,500
6,000
16,000
26,000

Cabustim Fuel-
effimienoyair
(peraent) ratio

82 0.0365
82 . ,0455
70 .0600
36 .0760

-t

91 0.0495
82 .0550
45 .0720
29 .0820

75 0.0600
61 .0670
44 .0730
29 .0900

hel
pressure
(lb/sq
in. gage)

240
280
278
192

167
165
195
110
150
167
145
80

The highestcombustionefficienciesfor eaohnozzlemnflmration
ooWrr=d at the low altitudesand, In general,an increas=in
altituderesultedin a decreasein combustionefficiency.The
taileds~bols in figure4 Indioatethe fuel-airratioat which
leanblow-outoocurred. This blow-outfuel-airratio is defined
as the ratioof the fuel flow at blow-outto the engineair flow
mediately preoedlngblow-out. For almostall oases,the ram jet
couldbe operatedat lowerfuel-airratioswith the 40-gallon-per-
hournozzlesthanwith the 30-galloa-per-hournozzles;and the
30-gallon-per-hournozzlescouldsupportombustion at lowerfuel-
air ratiosthan the 21.5-gallon-per-hournozzles. At low valuesof
fuel-airratio,the 40-gallon-per-hournozzlesoperateat very low
fuel pressuresin a relativelyhigh-velocityair stream. This con-
ditiontendsto deoreasethe fuel ooneas the fuel spraysfrom the
nozzlesand produoesa rioh fuel-airratioalongthe oentehlineof
the flameholderthat is capableof supportingcombustion,although
the over-allfuel-airratiois low. Becauseof this rloh-mirture
region,the blow-outfuel-airratio of the 40.O-gallon-per-hom
nozzleis lowerthanthat of the 30.0-and 21.5-gallon-per-hom
nozzles,which operateat higherfuel pressuresfor a givenfuel
flow and thereforeresultin more unlfozmfuel distribution.

The effeotof fuel-airratio on gas total-temperatureratio is
shownin figure5 for the 21.5-,30.0-,and 40.O-gallon-per-hoW
fuelnozzlesoperatedat altitudesof 1500,6000,16,000,~
26,000feet. At the higheraltitudes(16,000and 26,000ft), there

~lmTIAL —. -------



was a decidedadvantageto operationat high fuel
the 21.5-gallon-per-hournozzles,beoausefor all
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pressures with
fuel-airratios

the highestgas total-twnperatuz%ratiosW& obtainedwith,these
nozzles. For example,at 16,000feet and a fuel-airratioof 0.06,
use of the 21.5-gallon-per-hournozzleresultedin a gas total-
temperatureratioof 6.0 at a fuel pressureof 278 poundsper square
inchas cmmparedwith a gas total-temperatureratioof 4.4 for the
30.0-and 40.O-gallon-per-hournozzlesoperatingat fuel pressures
of 158 and 115 poundsper squareInch,respectively.In general,
at the loweraltitudes(1500and 6000ft), highergas totkl-
temperatureratioswere obtainedwith the 21.5-gallon-per-hour
nozzles at fuel-airratiosbelow 0.035. Use of the 30-gallon-per-
hournozzlesresultedin highergas total-temperatureratiosat
fuel-airratiosof 0.035to 0.065;above0.065the 40-gallcm-per-
hournozzlesresultedin the highestgas total-temperatureratio.
The highestgas total-temperatureratiosencounteredwere from
approxlmatel.y6.5 to 6.6 and occurredwith the 21.5-gallon-per-hour
nozzlesat 16,000feet and a fuel-airratioof 0.070at a fuel pres-
sureof 340 poundsper square inoh, with the 30-gallon-per-hour
nozzlesat 6000feet and a fuel-airratioof 0.065at a fuel pres-
sureof 215 poundsper squareInoh,and with the 40-gallon-per-hour
nozzlesat 1500feet and a fuel-airratioof 0.075at a fuel pres-
sureof 215 poundsper squareInoh.

The effectsof fuel-airratioon the net-thrustcoefficient
for the differentfuel-nozzlemnfigurationsat pressurealtitudes
of 1500,6000,16,000,and 26,000feet are presentedin figure6.
The generaltrendsnoted in figure5 are repeated. For all con-
ditions,it Is apparentthatas the fuel-airratiowas increased
from the leanblow-outvaluea rapidincreaseIn net-thrust
ooeffloientwas followedby a graduallevellngof the ourve. The
effectof Increasingthe fuel pressureby utilizinga smaller-
orifloenozzledeoreasedthe valueof fuel-airratioat whloh the
max-.~t+u’ust ooeffiolentfirstoccurred. At altitudesof

-16,000 and 26,000feet, the higherfuel pressuresthat occurredwith
the 21.5-gallan-per-hournozzlesresultedin highervaluesof net-
thrustooeffioientat any givenfuel-airratio. At 16,000feet and
a fuel-airrattoof 0.07and fuel pressureof 340 poundsper square
tich,use of the 21.5-gallon-per-hournozzlesresultedin a net-
thrustcoeffiolentof 0.405,whichwas approximatelya 29-permnt
improvementovera net-thrustcoefficientof 0.315obtainedwith
the 40-gallon-per-hournozzlesoperatingat a fuel pressureof
138 poundsper squareinch. This improvementis attributedsolely
to the Increaseddegree of atomizationand distributionof the fuel
attainedwith the smaller orificenozzlesoperatingat higherfuel
pressures.

“
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SUMMARYOF RESULTS

I&cana flightinvestigation~duoted

7

on a rectangularram ~et
inmrporatfngseparatesets of 21.5-,30.0-,and 40.O-&llon-per~
hour fuel nozzles,the followingresultswere obtatiedover a range
of pressurealtitudesfim 1500to 26,300feet, indicatedairspeeds
from 100 to 200 milesper hour,smd fuel-airratiosfromO.017
to 0.120:

1. Increasingthe de~ee of fuel atanlzationand distribution
by utillzatim of small-orificenozzlesthat operatedat high fuel
pressuresgenerallyresultedIn highervaluesof combustioneffi-
ciency,gas total-temperatureratio,and net-thrustooeffictentat
a givenfuel-airratio. Maximumfuel pressure,howev6r,was
encounteredat a givenengineair flow for the highestvalue of
mmbustion efficiency,whereasa furtherinoreasein fuel pressure
was detrimentalbeoausethe fuel p-icles had sufficientmcmmntum
to strikeand flow alongthe mmbustion-chamberwall Insteadof
unlfozmlymixingwith the engineair flow.

2. For all altitudes,the peak in the ocmbustionefficiency
curveoocurredat lowervaluesof fuel-airratiofor the
21.5-gallm-per-hournozzlesthan for the 30-gallon-per-hournozzles
and the peak ccuubustioneffloiencyfor the 30-gallon-per-hournozzles
occurredat lowervaluesof fuel-alrratiothan the 40-gallon-per-
hour nozzles.

3. The most noticeableinoreasein gas total-temperatureratio
with increasingfuel pressureocazrredat an altitudeof 16,000feet
and a fuel-airratio of 0.06. The 21.5-gallon-per-hournozzles,
operatingat a fuel pressureof 278 poundsper squareinch,resulted
in a gas total-temperatureratio of 6.0 as cmmparedwith a value
of 4.4 obtainedwith the 40-gallon-per-hournozzlesat a fuel pres-
sureof 115 poundsper squareinoh.

4. For the sameflightconditions,the ram jet couldbe et~ed
at lowervaluesof fuel-airratiowhsn the small-orifioenozzles
operatingat higherpressureswere used.

LewisFlightPropulsionLaboratory,
NatianalAdvisoryCommitteefor Aeronautics,

Cleveland,Ohio. -
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TABLE I- S!I!ARC~GO’HARA=SI!ICS OF RAM JET FOR

THREEIUEL-NOZ7LECONFIGURATIONS

I IL~ti%udelhdioatedFuel-air
(ft) airspeed ratio

I (mph) I
21.5-gal/hrfqelnozzles

(at 100 lb/sq in. )
1500
1500
6000
6000

16,000
21,000
25.600

160
200
160
200
125
100
100

0.019
.021
.020
.022
.057
.062
●082

30.O-gal/hrfuel nozzles
(at 100 lb/sqin.]

-
1500
6000

21,000
21,000
23,900
24,800
26,300

200
200
100
110
108
100
100

-
0.025
.029
.071
● 089
‘102
.080
.120

-
40.O-gal/hrfuel nozzles

(at 100 lb/sqin.)

1500 200 0.028
3000 200 .036
6000 200 .038

11,000 160 .038
11,000 160 .044
16,000 160 .052
18,000 125 .067
22,250 115 .078

-emmIm%E!m&-
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Figure3. - Measured fuel pressure obtainedwith rectangular ran jet
for operating range of fuel-air ratios.
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uel-nozzle Indloated
flow capacity

/

airspeed
at 100 lb sq in. (mph)

(gal hr)
o 21.5 160

21.5
: 30.0 160

400 0 30.0
v 40.0 la

a 40.0
{

f o /

300 o

A>
/ / /

200

t

i!

(o) Pressure altitude, 16,000 feet.

300

0/ ~
m

200

0

0

% {~
100 r!

v v m

I
o .02 .04 .06 .08 .10 .12

Fuel-air ratlo

(d) Pressure altitude, 26,000 feet.

Figure 3. - Concluded. Measured fuel prea.sureobtained with rectangular
ram jet for operating range of-fuel-alrratloa.
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Figure 4. - Effeotof fuel-airratio and fuel-nozzleconfigura-
tion on combustionefficiencyof rectangularram jet.
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Figure 4. - Continued. Effectof fuel-air
figurationon combustionefficiencyc!f
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2 Combustion-chamber-
inlet veloclty, ft/sec

80 /

80

7Q’ \ 7+
25

60

8L
/55

?
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40 /
!34

20

0 -
J F

60

40
9Q M

w
101

20 .
F

o A
@ ue -nozzle Indicated Ambient-air

flow capacity airspeed temperature

/
at 100 lb sq in. (mph) (oF)

(zal hr)

60

40

20

1
\

o .02 = .04 .06 .08 .10 ● 12
Fuel-airratio

17

(c) Pressure altitude, 16,000 feet.

Fif?ure4. - Continued. Effect of fuel-air ratioand fuel-nozzlecon-
f@ration on combustion efficiency of rectangul~ ram jet.
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1

v

60 Combustion-chamb -
inlet veloclty, f7sec 80, 6 ‘7 4

40 .
82

\

20

0 *

Fuel nozzle Indicated Ambient-air
flow capacity

/?

airspeed ternerature
at 100 lb s in. (mph) r)OF

(gal hr
21.5 160 -20

: 30.0 -32
a 40.0 “ :% -28

Tailed symbols Indicate lean blow-out
40

20.

0 AP

76
\ 74 75 vj 69 7867 y

40 !

12? 11 3 d< < “
L 25

\20 I \
\ / I

68 /
74~3 *1

ds ’65

& A
o .02

*
.04 .06 .08 ● 10 .1:

Fuel-air ratio

(d) Pressure altitude, 26”,000feet.

.gure4. - Concluded. Effect of fuel-air ratio and fuel-nozzle
‘configurationon combustion efficiency of rectangular ram jet.
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,48 Combustion-ckber-

71
5 — — ~

inlet velooity, ft/sec—
’75

*9 ’74
3 \

Fuel-nozzle Indicated Ambient-air
flow capacity airspeed temperature

1
/

at 100 lb sq izh . (mph) (°F)
(gal br)

o 21.5 160 73
21.5 200 73

: 200
4 %: 200 ::

2
~
& 57\ 59

ID7
\ \

9
6%

66 \
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o 81

# 94 \~
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%1 .
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i!!

51

58 5 1

7 ~
6f)

5 \ \
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\

\
’55 53

J3 k2 ‘b3 ‘
3

9% =!s=

1
0 .02 ,04 .06 .08 ● 10 .12

Fuel-air ratio

(a) Pressurealtitude,1500 feet.

Figure 5. - Effect of fuel-air ratio and fuel-nozzle configuration
on gas total-temperature ratio of rectangularram jet.
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